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ionophore (Bormann et al., 1987), these neurons mustUniversity of Colorado
maintain a ,anion that is reversed from that of the restingHealth Sciences Center
,anion of pyramidal cells. The regulation of the neuronalDenver, Colorado 80262
,anion is thus an important component of the physiology‡Department of Microbiology
of the GABAA receptor.Colorado State University
HCO32 and Cl2 are the only ions that flow throughFort Collins, Colorado 80523
the GABAA ionophore under physiological conditions§Center for Molecular Neurobiology (ZMNH)
(Bormann et al., 1987; Kaila, 1994), and the extracellularHamburg University
concentration of these anions is relatively constant (Al-D-20246 Hamburg
varez-Leefmans, 1990), so that the intracellular concen-Federal Republic of Germany
trations of these anions must account for the variability
of ,anion. The intracellular HCO32 concentration is always
quite close to the extracellular concentration, becauseSummary
the intracellular HCO32 concentration is tightly con-
strained by the homeostatic mechanisms that controlThe effect of GABAA receptor activation varies from
intracellular pH (Kaila, 1994; Staley et al., 1995). Thusinhibition to excitation depending on the state of
variation in the intracellular Cl2 concentration (Cl2i ) mustthe transmembrane anionic concentration gradient
be the principal determinant of the variability of the rest-(,anion). ,anion was genetically altered in cultured dorsal ing ,anion among different classes of neurons.root ganglion neurons via adenoviral vector–mediated
In pyramidal neurons, electroneutral Cl2 cotransport-expression of ClC-2, a Cl2 channel postulated to regu-
ers pump Cl2 out of the cell so that EGABA is negative tolate the Cl2 concentration in neurons in which GABAA RMP (Misgeld et al., 1986; Thompson and Ga¨hwiler,receptor activation is predominantly inhibitory. ClC-2
1989; Alvarez-Leefmans, 1990). However, in the classesexpression was verified by the presence of the appro-
of neurons in which GABAA receptor activation is depo-priate mRNA, protein, and membrane conductance.
larizing, electroneutral Cl2 cotransport pumps Cl2 intoClC-2 expression resulted in a large negative shift in
the neuron (Nicoll and Alger, 1979; Misgeld et al., 1986;
the Cl2 equilibrium potential (ECl) that attenuated the Alvarez-Leefmans et al., 1988; Rohrbough and Spitzer,
GABA-mediated membrane depolarization and pre-
1996). Intracellular Cl2 accumulation leads to an ECl thatvented GABAA receptor–mediated action potentials. is 50 mV positive to RMP in DRG neurons (Alvarez-These results establish that gene transfer of trans-
Leefmans et al., 1988; Rohrbough and Spitzer, 1996)
membrane ion channels to neurons can be used to
and as much as 20 mV positive to RMP in dentate gyrus
demonstrate their physiological function, and that
granule cells (Misgeld et al., 1986; Staley and Mody,
,anion can be genetically manipulated to alter the func- 1992; Soltesz and Mody, 1994).
tion of neuronal GABAA receptors in situ. Neurons with outward Cl2 cotransport also express a
conductive Cl2 channel, ClC-2 (Thiemann et al., 1992),
Introduction which is not expressed in neurons with inwardly directed
Cl2 transporters (Staley, 1994; Smith et al., 1995). ClC-2
The transmembrane concentration gradients for so- belongs to the nine-member ClC family of cloned and
dium, calcium, and potassium do not vary significantly voltage-gated mammalian Cl2 channels (Jentsch et al.,
between classes of excitable cells (Cohen and de Weer, 1995). ClC-2 is an inwardly rectifying Cl2 conductance
1977; Puzzan et al.,1996). In contrast, ,anion varies widely (Thiemann et al., 1992; Staley, 1994) that activates at
in different classes of neurons. In pyramidal cells of the membrane potentials more negative than ECl , so that
mammalian cortex, the resting ,anion favors net anionic Cl2 can flow out of, but not in through, ClC-2 (Staley,
influx at resting membrane potential (RMP) (Misgeld et 1994; Smith et al., 1995). Because the conductance is
al., 1986; Thompson and Ga¨hwiler, 1989), so that open- large and does not display time-dependent inactivation,
ing the anion-selective GABAA ionophore results inaccu- it is well suited to stabilize ECl near or below RMP. That
mulation of intracellular negative charge and neuronal is, cytoplasmic Cl2 accumulation to a degree that causes
membrane hyperpolarization, a process that represents ECl to be positive to RMP (such as may occur during
the principal mechanism of synaptic inhibition (Kaila, synaptic GABAA receptor activation [Wong and Watkins,
1994; Thompson, 1994; Olsen and MacDonald, 1994). 1982; Thompson and Ga¨hwiler, 1989; Staley et al., 1995])
However, several classes of neurons are strongly depo- activates ClC-2, permitting Cl2 efflux until ECl equals
larized by GABAA receptor activation, including imma- RMP.
ture neurons (Cherubini et al., 1991; LoTurco et al., 1995; We had previously suggested that the physiological
Obrietan and van den Pol, 1995), some interneurons function of ClC-2 in neurons is stabilization of ,anion, but
(Michelson and Wong, 1991), some types of principal this hypothesis was based on the effects of blocking
ClC-2 with zinc and protein kinase C (PKC) activatorsneurons (Staley and Mody, 1992; Golding and Oertel,
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Figure 1. Expression of ClC-2 mRNA and Protein in DRG Neurons Transduced with an Adenovirus Vector Encoding ClC-2
(A) ClC-2 mRNA was detected in DRG neurons infected with dl327–ClC-2 but not 300Bstbgal. Northern blot analysis was performed on 20 mg
of total RNA prepared from DRG neurons infected with a MOI of 50 48 hr previously. A RNA with the predicted electrophoretic mobility (z3
kB, denoted by the asterisk) is detected in the RNA from DRG neurons infected with dl327–ClC-2 (lane 1), but not with 300Bstbgal (lane 2).
The same blots were then reprobed using a human actin probe to demonstrate that comparable amounts of intact RNA were present in
neurons infected with dl327–ClC-2 (lane 3) and 300Bstbgal (lane 4). The mobilities of the ribosomal bands used as size standards are indicated
by arrowheads.
(B) ClC-2 mRNA and protein were expressed from an adenoviral vector. In situ hybridization (1 and 2) signal or immunohistochemical staining
of protease permeabilized neurons (3 and 4) was detected 2 days after transduction with ClC-2-expressing virus (2 and 4) but not in neurons
infected with the control (b-galactosidase-expressing virus (1 and 3). No in situ signal was detected with the sense-strand control probe (data
not shown). Scale bar, 50 mm (applies to all panels).
(C) ClC-2 expression was stable in DRG neurons in culture. DRG neurons were transduced as described above with either 300Bstbgal (1) or
dl327–ClC-2 (2, 3, and 4). DRG cultures were processed 48 hr (1 and 2), 7 days (3), or 14 days (4) after transduction for immunohistochemistry
for detection of ClC-2. Scale bar, 100 mm (applies to all panels).
(Staley, 1994; Smith et al., 1995), both of which are non- tions, GABAA receptor activation would simply increase
the membrane conductance so that the function of thespecific (Legendre and Westbrook, 1991; Kawasaki et
al., 1994). The lack of a specific ClC-2 antagonist makes GABAA receptor would change from excitation to
shunting inhibition (Koch et al., 1983; Staley and Mody,it impossible to clearly establish this function of ClC-2
pharmacologically. Further, the neuronal studies were 1992; Staley, 1994). De novo expression of ClC-2 in DRG
neurons would thus do the following: first, establish theperformed with the blind patch technique, and de novo
expression in oocytes suggested that ClC-2 functions neuronal function of ClC-2 without the aid of specific
pharmacological antagonists; second, demonstrate theto regulate cell volume (Grunder et al., 1992). It was
therefore possible that the neuronal studies, which did impact of ,anion on GABAA receptor function; and third,
indicate the utility of altering ,anion as a means of chang-not assess cell volume, had missed the primary role
of ClC-2. De novo expression of ClC-2 in identifiable ing the effect of GABAA receptor activation.
neurons that do not naturally express the conductance
(Smith et al., 1995) is an unambiguous way to establish Results
the neuronal function of ClC-2 by correlating the pres-
ence of ClC-2 with the postulated neuronal effects. An adenovirus vector was used to express ClC-2 in DRG
To establish the neuronal function of ClC-2 as a regu- cells, since these vectors have proven to be an efficient
lator of ,anion, we expressed ClC-2 de novo in DRG method for expressing novel gene products in neurons
neurons, in which the GABA response is normally depo- both in vivo and in vitro (Le Gal La Salle et al., 1993;
larizing (Eccles et al., 1962; Nicoll and Alger, 1979; Al- Davidson et al., 1993). The adenoviral vector was con-
varez-Leefmans et al., 1988; Ault and Hildebrandt, 1994; structed to express ClC-2 under the control of the viral
Rohrbough and Spitzer, 1996). If our understanding of E1A promoter in an E3 deletion mutant background
neuronal ClC-2 function is correct, ClC-2 must be either (dl327) (Schaack et al., 1995). Transduction of DRG neu-
nonfunctional or not expressed in these cells. De novo ronal cultures with the adenovirus vector expressing
expression of ClC-2 in sufficient quantity in these neu- ClC-2 (dl327–ClC-2) resulted in appearance of a ClC-2
RNA signal detected by Northern blot and in situ hybrid-rons should lead to constitutive Cl2 efflux that would
prevent significant Cl2 accumulation, thereby clamping ization 48 hrafter infection. ClC-2 mRNA was not present
in untransduced control cultures, nor cultures trans-ECl at or near RMP. This should result in a large negative
shift of EGABA, preventing significant GABAA receptor– duced with a control vector expressing b-galactosidase
(300Bstbgal) (Figure 1). At least 95% of ClC-2-transducedmediated membrane depolarization. Under these condi-
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Figure 2. Vector-Transduced ClC-2 Is Functional in DRG Neurons
(A) There was no evidence of an inwardly rectifying Cl2 conductance in control DRG neurons. Top: membrane potential response to 2200 pA
current injection reflected passive membrane properties only. Bottom: no voltage-dependent conductances were activated at negative test
potentials (220 mV steps) from a holding potential of 25 mV in a voltage clamp recording from a DRG neuron in which all cationic conductances
were blocked. Top tracing is membrane potential, bottom tracing is membrane current. Electrode Cl2 5 12 mM (top) and 60 mM (bottom).
(B) An inwardly rectifying Cl2 conductance was demonstrated in neurons expressing ClC-2 with the same protocols and conditions as used
in (A) and in studies of ClC-2 in cortical neurons (Staley, 1994; Smith et al., 1995). Top: voltage sag typical of an inwardly rectifying conductance
is seen with hyperpolarizing current injection (2200 pA). Bottom: using the same protocol as in (A), a slowly developing inward current was
activated at test potentials negative to ECl.
(C) Voltage-dependent activation of ClC-2. Top: subtraction of initial clamp current from clamp current at the end of the voltage step revealed
the amplitude of the slowly developing inward rectifier current (Staley, 1994). Bottom: the activation of the inwardly rectifying conductance
can be described by the Boltzman equation with ECl 5 214 mV, V1/2 5 234 mV, and a slope factor of 13 mV (Staley, 1994).
DRG neurons demonstrated positive immunohisto- transduction. The conductance and activation proper-
ties of the ClC-2 channel expressed in DRG neuronschemical staining with an affinity-purified antibody di-
rected against the cytoplasmic amino-terminal domain were identical to ClC-2 naturally expressed in cortical
neurons and recorded under the same ionic conditionsof ClC-2 by 48 hr post-transduction that was never pres-
ent in control neurons (Figure 1C). Expression of ClC-2 (Figure 2; Staley, 1994; Smith et al., 1995). Activation of
PKC with 10 mM phorbol 12,13-dibutyrate (PdBu)was readily detected by immunohistochemistry for up to
14 days in culture, indicating that viral gene transduction blocked ClC-2 currents in four of four cells, and ClC-2
was also blocked by 100 mM Zn21 in four of four cellswas well tolerated (Figure 1C). Changes in the neuronal
density were not detected with either the control tested (Figure 3). Thus, the pharmacology of the ex-
pressed channel was identical to the native conduc-(b-galactosidase) or ClC-2-encoding virus. Thus, mRNA
and protein assays indicated that the adenoviral vector tance characterized in hippocampal pyramidal cells
(Madison et al., 1986; Staley, 1994; Smith et al., 1995).transduced essentially all of theneurons in tissue culture
without significant effects on neuronal viability. All cells infected with ClC-2 fired action potentials during
depolarizing current injection, and the action potentialWhole-cell recordings in cultured DRG neurons trans-
duced with the virus expressing ClC-2 demonstrated threshold and RMP of the neurons expressing ClC-2
were not changed (Table 1). However, the input conduc-an inwardly rectifying Cl2 conductance that was never
detected in control neurons (control neurons included tance of the neurons expressing ClC-2 was nearly dou-
ble that of control neurons, consistent with constitutiveneurons transduced with the control virus, n 5 36, and
untransduced neurons, n 5 22) (Figure 2). The amplitude activation of ClC-2. The increase in input conductance
supports the predicted function of ClC-2 in these neu-of the ClC-2 current was small and variable in the first
24 hr following transduction, but large and consistent at rons: ongoing conductive Cl2 efflux.
To determine whether ClC-2 expression affectedtimes 48 hr following transduction; electrophysiological
studies were therefore performed 48–72 hr following ,anion, voltage clamp experiments were performed in
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Figure 3. Block of Expressed ClC-2 by PKC Activation and Zinc
(A) Voltage clamp experiment demonstrating the slowly developing inward current relaxation characteristic of ClC-2 when the membrane
potential is stepped from 210 to 290 mV. Cationic conductances were blocked as in Figure 2, and the electrode solution contained 60 mM
Cl2. Bath application of 100 mM ZnCl2 blocked the inward current relaxation, as reported for neurons that naturally express ClC-2 (Staley,
1994). The reduction in leak conductance by zinc is a nonspecific effect rather than evidence for block of constitutively activated ClC-2,
because ClC-2 is minimally activated at 210 mV under these ionic conditions (Figure 2C; Staley, 1994).
(B) Summary of block of ClC-2 by 100 mM ZnCl2 (n 5 4) or PKC activation (Madison et al., 1986) using 10 mM phorbol dibutyrate (n 5 4). Bars
represent the average ClC-2 current 6 standard error. Protocol as illustrated in (A); ClC-2 current amplitude was calculated based on inward
current relaxations measured as in Figure 2C. As previously reported (Staley, 1994), ClC-2 current could be demonstrated in only one of four
recordings 30 min after removal of phorbol, and zero of four recordings after removal of ZnCl2.
HCO32-free media using both whole-cell and Cl2-imper- Expression of ClC-2 in DRG neurons constrained ECl
to values very near the membrane potential (Figure 4meant gramicidin-perforated patch recordings (Reich-
ling et al., 1994). Confirming earlier studies in DRG cells and Table 1; Staley, 1994; Smith et al., 1995). Figure 4A
illustrates a voltage clamp experiment that demon-using sharp (Gallagher et al., 1978), ion-selective (Al-
varez-Leefmans et al., 1988), and perforated patch elec- strates the impact of this effect. In this experiment, the
direction of Cl2 flux through the GABAA ionophore attrodes (Rohrbough and Spitzer, 1996), the reversal po-
tential for Cl2 currents induced by GABAA receptor membrane potentials near the RMP was reversed, inde-
pendently of the test potential, by changing the holdingactivation in control DRG neurons was very depolarized
relative to RMP, could not be controlled by dialysis with potential. This seemingly paradoxical result was ob-
tained because ECl was determined by the rate of ongo-low Cl2 electrode solutions, and was not influenced by
the membrane potential: ECl 5 230 mV using 12 mM ing Cl2 efflux through ClC-2, and this rate depended on
the holding potential (Figure 4B). Cl2 efflux throughelectrode Cl2 (predicted ECl for passive transmembrane
Cl2 distribution 5 264 mV; Table 1); 214 mV using 25 ClC-2 had a much larger impact on ECl than did dialysis
with low Cl2 electrode solutions in control neurons: atmM electrode Cl2 (passive ECl 5 245 mV; n 5 4); and
21 mV using gramicidin-perforated patch electrodes a holding potential of 268 mV, ECl 5 260 mV in whole-
cell recordings using 12 mM Cl2 (Table 1), 248 mV using(passive ECl 5 holding potential 5 240 mV; n 5 3). Thus,
although it is possible to alter neuronal ,anion such that 25 mM Cl2 (n 5 2, Figure 4D), and 255 mV in gramicidin
recordings (n 5 3). ClC-2 expression thus increased theECl is shifted toward 0 mV by altering the Cl2 content of
either the intracellular (Staley, 1994) or extracellular input conductance and decreased the intracellular Cl2
concentration, consistent with constitutive activation of(Avoli et al., 1990) media, the reverse is less effective:
lowering the intracellular Cl2 by dialysis with low Cl2 ClC-2 and ongoing Cl2 efflux ata rate that was significant
with respect to the rate of inward Cl2 transport.solutions produced smaller shifts in ECl, suggesting that
the rate of Cl2 transport into DRG neurons approximated To determine the effects of the ClC-2-induced alter-
ations of ,anion on GABAA receptor function, we mea-the rate of diffusion of Cl2 from the cytoplasm to the
recording pipette. sured the change in membrane potential from RMP in
ClC-2 Expression Alters GABAA Receptor Function
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from 219 to 263 mV (Table 1) corresponds to a changeTable 1. The Effects of ClC-2 Expression on Membrane
Properties and GABAA Receptor Function in DRG Neurons in the intracellular Cl2 concentration from at least 60
mM to 10 mM, a decrease of 50 mM. To assess theNeuronal Properties Control (n 5 24) ClC-2 (n 5 8) p Value
osmotic consequences of this large decrease in intracel-
RMP, mV 263.9 6 2.4 264.6 6 0.9 NS lular Cl2, we estimated the change in volume of the
RN, MV 543 6 57.4 291.4 6 31.5 0.02 DRG neurons by measuring the area of the soma 48Spike threshold, mV 243.7 6 2.0 241.9 6 0.6 NS
hr postinfection. There was no significant trend towardGABA response, mV 114.6 6 1.5 13.0 6 1.0 0.0008
smaller cross-sectional area in the ClC-2 neurons (TableAction potential 66% 0% 0.005
GGABA, nS 0.18 6 0.13 0.68 6 0.13 0.04 1), and we did not detect appreciable cell flattening.
ECl, mV 230 6 3.6 260 6 5.6 0.003 Thus, although ClC-2 contributes to volume regulation
Somatic area, mm2 743 6 27 723 6 33 NS in non-neuronal cells (Grunder et al., 1992), in cultured
Data are presented as averages 6 standard error. Action potential: DRG neurons the effect of ClC-2 on cell volume is much
percentage of neurons in which somatic application of GABA trig- smaller than the impact on ,anion.
gered action potentials at RMP. The reversal potential of the Cl2
current (ECl) and the amplitude of the conductance (GGABA) evoked
by GABA application were derived from best fit constant field equa- Discussion
tion to voltage clamp data (Figure 4). ECl was measured from a
holding potential of 268 mV. GGABA represents the GABA conduc-
The data demonstrate that de novo expression of ClC-tance sufficient to trigger action potentials at RMP in current clamp
recordings, or the maximum evokable GABA conductance in neu- 2 in neurons that maintain a high Cl2i via inward Cl2
rons in which GABA did not trigger action potentials. The p values transport did the following: first, led to a surprisingly
are based on unpaired two-tailed t tests for all values except action well tolerated constitutive conductive Cl2 efflux that pre-
potential generation, which was based on a two-tailed Fisher’s exact vented significant Cl2 accumulation; second, clamped
test. Recordings were performed as described in Figure 4 using
ECl at or near RMP; and third, attenuated GABAA recep-whole-cell electrode solutions that contained 12 mM Cl2 (passive
tor–mediated membrane depolarization. Expression ofECl 5 264 mV). Gramicidin recordings were not used for the table
owing to less stable RMP and input resistance. Since GGABA and ClC-2 in DRG neurons thus modified ,anion and conse-
ECl were stable in gramicidin recordings, this may have reflected quently reversed the function of neuronal GABAA recep-
intermittent patch deterioration and intracellular admission of grami- tors from excitation to inhibition.
cidin. N 5 50 for measurement of somatic area. Two surprising results of this study were how well
ClC-2 was expressed and how well neurons tolerated
the large changes in Cl2i induced by ClC-2 expression.
If ClC-2 expression had been variable with respect toresponse to GABA application to the soma of the DRG
neurons. GABA was applied using successively longer the amount needed for alteration of ,anion, this should
be reflected in variability of EGABA and the input conduc-pressure applications until the maximum membrane po-
tential response was obtained, or action potentials were tance of theneurons expressing ClC-2. The low standard
error of theseparameters (Table 1) indicates that expres-triggered. In all control primary afferent neurons, GABA
application resulted in large membrane depolarizations sion of ClC-2 by 48 hr post-transduction was more uni-
form than suggested by the mRNA and protein assaysfrom RMP that frequently triggered action potentials
(Figure 4C and Table 1). In DRG neurons expressing (Figure 1); this may reflect differences in the sensitivities
of the functional versus in situ assays. Expression ofClC-2, the membrane potential response to GABA appli-
cation was much smaller than in control neurons, and ClC-2 was well tolerated osmotically, perhaps because
the osmotic effects of intracellular Cl2 loss in neuronsthe maximum membrane potential response never trig-
gered action potentials, despite a higher average GABA- expressing ClC-2 was lessened by homeostatic com-
pensations such as accumulation of other osmolytesmediated conductance (Figure 4D and Table 1). The
higher average GABA-mediated conductance in ClC-2 (Yancey, 1994). Neurons tolerate transient, osmotically
significant alterations in Cl2i under physiological condi-versus control neurons was related to the protocol
(larger GABA applications if noaction potential response tions, based on the activity-dependent increases in Cl2i
that occur in hippocampal pyramidal cell dendrites,elicited) rather than an alteration in the sensitivity to
GABA. where ,anion can be reversed by Cl2 influx as a result
of intense synaptic activation of GABAA conductancesThus, despite active Cl2 accumulation by DRG neu-
rons (Alvarez-Leefmans et al., 1988; Rohrbough and (Staley et al., 1995). The excitatory anionic flux that re-
sults from this shift in ,anion differs from that depictedSpitzer, 1996), continual Cl2 efflux via ClC-2 prevented
ECl from becoming significantly more positive than RMP. in Figure 4, since the excitatory anionic flux in pyramidal
cells is due to a temporary alteration in ,anion, and isBecause Cl2 efflux via ClC-2 occurs down the electro-
chemical gradient provided by an ECl that is positive to carried by HCO32 ions (Staley et al., 1995). The experi-
ments in this study wereperformed in HCO32-free media;RMP (Staley, 1994; Smith et al., 1995), ClC-2 expression
is not sufficient to cause a hyperpolarizing GABA re- under physiological conditions, HCO32 would cause the
resting EGABA to be several mV more positive, but stillsponse: Cl2 efflux goes to zero as ECl approaches RMP.
Nevertheless, GABAA receptor activation inhibits neu- below action potential threshold based on the relative
permeabilities of Cl2 and HCO32 (Bormann et al., 1987;rons in which ECl is close to RMP owing to the increase
in membrane conductance and consequent shunting of Kaila, 1994; Staley et al., 1995).
Like the K–Cl2 cotransporters (Alvarez-Leefmans,more strongly depolarizing currents (Staley and Mody,
1992). 1990), ClC-2 uses the energy stored in the K1 gradient
to export Cl2, albeit in an indirect way: efflux of Cl2 viaThe Nernst equation indicates that the change in ECl
Neuron
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Figure 4. GABAA Receptor Function Is Al-
tered in DRG Neurons Expressing ClC-2
(A) Expression of ClC-2 linked ECl to the mem-
brane potential. Two voltage clamp experi-
ments in the same DRG neuron are shown.
For each experiment, the top trace is a sche-
matic of the voltage clamp protocol, and the
lower trace is the Cl2 current evoked by so-
matic GABA application (arrow) at the indi-
cated test potentials 4 s after stepping from
the holding potential. Because ClC-2 links ECl
to the membrane potential, an unusual result
is obtained: an inward current is evoked at
256 mV, while at the more negative test po-
tential of 261 mV, an outward current (rather
than a larger inward current) is evoked. This
occurred because when the test potential
was equal to holding potential (256 mV, open
diamond), Cl2 flux through ClC-2 offset the
Cl2 accumulation in the DRG cell, so that ECl
was just positive to the test potential, and a
small inward current flowed through the GA-
BAA ionophore. A larger inward current would
be expected at the more negative test poten-
tial of 261 mV (open circle), but the current
was outward because in this experiment the
membrane potential had been clamped at an
even more negative holding potential (281
mV). This induced a prolonged Cl2 flux
through ClC-2 that drove ECl closeto the hold-
ing potential, making ECl more negative than
the test potential.
(B) Plot of the time-averaged currents evoked
at other test potentials (same cell and condi-
tions as [A]). ECl was 20 mV more positive
when the membrane potential was held at
256 mV (open diamond) versus 281 mV
(open circle). Solid line is the best fit constant
field current equation (Hodgkin and Katz,
1949; Staley, 1994). The slope of the current–
voltage relation is lower for the negative hold-
ing potential owing to increased loss of intra-
cellular Cl2 via ClC-2 at the negative test
potential. In a control DRG neuron, ECl shifted by less than 1 mV when the holding potential was changed from 267 mV (filled circle) to 237
mV (filled diamond).
(C) Membrane potential response to GABA applied to the soma. Top tracing: in a control neuron, depolarizing response to GABAA receptor
activation (arrow) at RMP (261 mV) triggered a burst of action potentials. Bottom tracing: the depolarizing response was attenuated in a DRG
neuron expressing ClC-2, and no action potentials were triggered at RMP (260 mV). Electrode solutions contained 25 mM Cl2 (passive ECl 5
245 mV). Average GABA responses of control versus CLC-2 neurons are listed in Table 1.
(D) GABA does not excite DRG neurons expressing ClC-2 owing to a negative shift in ECl. Voltage clamp recordings of the time-averaged
membrane current response (circles) versus test potential using the same cells and GABA applications shown in (C). Holding potential 5 257
mV (ClC-2) and 243 mV (control). Control holding potential was more positive in order to inactivate voltage-dependent cationic conductances
at positive test potentials near the ECl of control neurons. Solid lines represent the best fit constant field equation. In the DRG neuron expressing
ClC-2, the reversal potential of the GABA response was 25 mV more negative, and the GABA conductance was 1.4 times larger, than the
control neuron.
ClC-2 represents a steady depolarizing effect on the cell studies, the Cl2 efflux through ClC-2 was a conse-
quence of acute maximal neuronal Cl2 loading via dial-RMP (Staley, 1994) that is counteracted by hyperpolariz-
ing increases in K1 conductances. High rates of Cl2 ysis of the intracellular fluid with high Cl2 electrode solu-
tions, while in the DRG neurons the Cl2 efflux wasefflux via ClC-2 in pyramidal cells studied in the hippo-
campal slice caused the RMP to depolarize (Staley, ongoing, providing time for up-regulation of the conduc-
tances and ion pumps responsible for maintaining the1994; Smith et al., 1995), which did not occur in the DRG
neurons (Table 1). The stability of the RMP in the DRG RMP. Altering ,anion genetically may thus permit acute
versus chronic effects of alteration of ,anion to be differ-neurons mayhave beendue inpart to the largerextracel-
lular space in the cultured neurons, which rendered the entiated.
The data establish that it is possible to apply theK1 concentration gradient less susceptible to degrada-
tion. Another explanation for the minimal effect of ex- criteria developed for understanding neurotransmitter
function (Nicoll et al., 1990) to the study of transmem-pression of ClC-2 on the RMP in this study is the differ-
ence in the time course of the Cl2 efflux: in the pyramidal brane ion channels: de novo expression of the channel
ClC-2 Expression Alters GABAA Receptor Function
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protein permits correlation of the presence of the protein modification of ,anion reversed the function of the GABAA
receptor through a mechanism that does not involveand the postulated physiological function. This ap-
proach is well suited to investigation of neuronal Cl2 the complexities inherent in altering the expression of
receptor subunits.homeostasis, since the molecular characterization of
neuronal Cl2 channels and transporters is much more
Experimental Proceduresadvanced than the pharmacology (Greger, 1990; White
and Aylwin, 1990; Alvarez-Leefmans, 1990; Jentsch et
Neuronal Cultureal., 1995). These techniques may help resolve the intri-
DRG neurons were grown in tissueculture as described (Smith et al.,
guing links between anionic homeostasis and neuronal 1994), and cultures infected with 50 plaque-forming units/neuron,
function, for example, thealteration of network excitabil- which infect at least 95% of neurons. Northern blots: total RNA (20
ity by diuretics (Hochman et al., 1995; Jarolimek et al., mg) from DRG cultures was prepared as described previously (Smith
et al., 1994) from neuronal cultures infected 48 hr previously with1996), which unfortunately may block the GABAA recep-
either dl327–ClC-2 or 300Bstbgal, electrophoresed in 1.0% agarose–tor (Nicoll, 1978; Pearce, 1993) in addition to inhibiting
formaldehyde gels, and probed with a fragment corresponding toCl2 transport (Misgeld et al., 1986; Thompson and Ga¨h-
the ClC-2 coding region (base pairs 1948–2703) labeled by random
wiler, 1989). One disadvantage of de novo expression priming incorporation of 32PadCTP. The blot was then reprobed
of ClC-2 in comparison to pharmacological studies is using a 32PadCTP-labeled human b-actin probe to demonstrate in-
the increase in input conductance of the DRG neurons tegrity of mRNA. Hybridization signal was detected using a Molecu-
lar Dynamics Phosphorimager (Sunnyvale, CA).that occurred as a consequence of constitutive ClC-2
activation and presumed up-regulation of compensa-
Adenoviral Vectorstory potassium conductances. The shunting of excit-
An adenovirus vector was constructed in which ClC-2 expressionatory conductances by ClC-2 may be circumvented in
was driven by the E1A promoter. The previously described clone
future studies by expression of proteins other than ion ClC-2 (Thiemann et al., 1992), which contains a ClC-0 leader se-
channels, for instance, electroneutral transporters, or quence followed by the ClC-2 coding sequence, was directionally
expression of antisense RNA for the native transporters. cloned into plasmid pXC15–E1A (generous gift of I. Maxwell).
pXC15–E1A was constructed from the first 5788 bp of adenovirusThe approach used here may be useful in clarifying
by replacing the viral sequence from 502–3328 with a polylinker.the long-standing problem of the physiological role of
ClC-2 coding virus was recovered by homologous recombinationthe GABAA receptor in DRG neurons in vivo (Eccles et and plaque color selection, and purified as described (Schaack et
al., 1962; Nicoll and Alger, 1979; Ault and Hildebrandt, al., 1995). All experiments with recombinant virus were performed
1994) when advances in vector technology permit in with UCHSC Biosafety Committee approval and in accordance with
vivo transduction that is immunologically transparent. NIH guidelines.
Understanding how ,anion affects GABAA receptor func-
Histologytion is also of considerable practical importance, since
Neuronal cultures were fixed with 4% paraformaldehyde for 12 hrcurrent pharmacological modulation of GABAA receptor
for in situ hybridization (Figure 1B). For immunohistochemistry, neu-function is directed only at enhancing the postsynaptic
ronal cultures were fixed for 2 min and were not permeabilized
conductance. For instance, the anticonvulsant actions by protease pretreatment, which resulted in improved histological
of the barbiturates and benzodiazepines are the result detail but decreased intensity of staining (compare Figures 1C and
of an increase in the average open time of the GABAA 1B). In situ hybridization using digoxigenin-labeled riboprobes was
performed as described (Smith et al., 1994, 1995), using sequencesionophore (Twyman et al., 1989), but these agents fail
directed against the amino-terminal domain. Immunohistochemistryto control most neonatal seizures (Scher et al., 1993;
(Smith and Johnson, 1988) used affinity-purified antibodies directedHahn, 1993), a result that is not unexpected given the
against a glutathione-S-transferase–ClC-2 fusion protein at an anti-
,anion maintained by immature neurons (Cherubini et al., body concentration of 1 mg/ml. Proteinase K (1 mg/ml at 378C for
1991; LoTurco et al., 1995). Therapeutically, this ap- 20 min) was used in some experiments to enhance detection of
proach represents an alternative strategy for modifying intracellular antigens (Smith et al., 1994). Antibody staining was
detected by the avidin–biotin–peroxidase complex method (Vectorthe excitability of DRG neurons in situations such as
Laboratories, Burlingame, CA) using diaminobenzidine enhancedmedically intractable pain (Collins et al., 1995) and spas-
with nickel as the chromagen. ClC-2 antiserum: rabbits were immu-ticity (Morota et al., 1995) that are now treated with
nized by standard protocols with a purified GST–ClC-2 fusion protein
surgical denervation. The modification of ,anion repre- containing the ClC-2 region from base pairs 64–196 (Grunder et al.,
sents an alternative approach to the pharmacological 1992) in frame with pGST–2T (Pharmacia). Fusion protein purified
manipulation of ionotropic neurotransmitter receptor by glutathione affinity chromatography (Smith and Johnson, 1988)
was used to prepare an affinity matrix by linkage to cyanogen bro-function: the actions of drugs that alter the conductance
mide–activated sepharose 4b for antibody purification (Pharmacia,through which postsynaptic currents flow can be com-
Piscataway, NJ).plemented by modifying the driving force for those cur-
Cell volume was estimated by measurement of the maximal two-
rents. dimensional projection of cell somas. Neurons infected with either
Genetic modification of neurotransmitter function in dl327–ClC-2 or 300Bstbgal were fixed overnight with 4% paraformal-
situ is a potentially powerful technique both for under- dehyde and mounted with a commercial medium (Aqua-Polymount,
Polysciences, Warrington, PA). The somatic areas of ten neuronsstanding the function of the nervous system and for
from five random fields were captured for analysis using a Nikonintervention in the case of dysfunction (Miller, 1989).
Optiphipot-2 equipped with a Hoffman optics and a CCD camera.However, the complexity of this task has prevented its
Area of cell somas was measured using NIH Image version 1.59.implementation: first, expression of native receptors
must be suppressed, and second, genetically altered Recordings
receptor components must be expressed in a way that Whole-cell recordings were obtained from cultured DRG neurons
does not interfere with endogenous mechanisms for at room temperature. When ClC-2 activation was investigated, Na1
conductances were blocked with 2 mM QX314 in the electrodesubunit assembly, transport, and turnover. Genetic
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solution, and K1 and Ca21 conductances were blocked by using Cherubini, E., Gaiarsa, J.L., and Ben-Ari, Y. (1991). GABA: an excit-
atory transmitter in early postnatal life. Trends Neurosci. 14,artificial cerebrospinal fluid (ACSF) composed of the following: 109
mM NaCl, 1.25 mM NaH2PO4, 10 mM glucose, 20 mM tetraethylam- 515–519.
monium chloride, 2.5 mM CsCl, 5 mM 4-aminopyridine, 4 mM MgCl2, Cohen, L.B., and de Weer, P. (1977). Stuctural and metabolic pro-
26 mM N-(2-hydroxyethyl)piperazine-N9-(2-ethanesulfonic acid) cesses directly related to action potential propagation. In Handbook
(HEPES), pH 7.35 with NaOH, 100% O2 (Madison et al., 1986; Staley, of Physiology (Bethesda, Maryland: American Physiology Society),
1994). Electrode solutions included the following: 120 mM Cs1, 2 pp. 137–159.
mM MgCl2, 7 mM NaCl, 10 mM HEPES, 1 mM potassium ethylene
Collins, J.J., Grier, H.E., Kinney, H.C., and Berde, C.B. (1995). Controlglycol-bis(b-aminoethyl ether) N,N,N9,N9-tetraacteic acid (EGTA), 4
of severe pain in children with terminal malignancy. J. Pediatr. 126,mM potassium adenosine 59-triphosphate, and 0.3 mM sodium gua-
653–657.nosine 59-triphosphate (pH 7.2). Electrode Cl2 concentrations are as
Davidson, B.L., Allen, E.D., Kozarsky, K.F., Wilson, J.M., and Roes-described in the text; the sumof gluconate and Cl2 concentrations in
sler, B.J. (1993). A model system for in vivo gene transfer into theall electrode solutions was 131 mM. Gramicidin-perforated patch
central nervous system using an adenoviral vector. Nature Genet.recordings were performed as in Reichling et al. (1994): gramicidin
16, 219–223.(Sigma, St. Louis, MO) was dissolved in DMSO or methanol at 1
mg/ml, then suspended in the electrode solution at 50–100 mg/ml. Eccles, J.C., Magni, F., and Willis, W.D. (1962). Depolarization of
The tip of the electrode was filled with the same solution but without central terminals of group I afferent fibres from muscle. J. Physiol.
gramicidin. Gigaohm seals were formed and the access resistance (Lond.) 160, 62–93.
was monitored; when <50 MV, the recording began. Gramicidin Gallagher, J.P., Higashi, H., and Nishi, S. (1978). Characterization
electrode solutions contained 120 mM K1 or Cs1 gluconate plus 12
and ionic basis of GABA-induced depolarizations recorded in vitro
mM KCl or CsCl only. For recordings of the membrane properties,
from cat primary afferent neurons. J. Physiol. (Lond.) 275, 263–282.
ACSF was composed of the following: 126 mM NaCl, 2.5 mM KCl,
Golding, N.L., and Oertel, D. (1996). Context-dependent synaptic26 mM HEPES, 2 mM CaCl2, 2 mM MgCl2, 1.25 mM NaH2PO4, 10
action of glycinergic and GABAergic inputs in the dorsal cochlearmM glucose, and 1 mM Cs (to block the cationic inward rectifier),
nucleus. J. Neurosci. 16, 2208–2219.(pH 7.4); K1 replaced Cs1 in the electrode solution, and QX314 was
not used. Access resistances were <20 MV. Junction potentials Greger, R. (1990). Chloride channel blockers. Meth. Enzymol. 191,
were corrected for the calculated intracellular Cl2 concentration and 793–810.
subtracted from the membrane potential. GABA was applied at 200 Grunder, S., Thiemann, A., Pusch, M., and Jentsch, T.J. (1992). Re-
mM in ACSF applied by pressure pulses of 5–100 ms 3 40 c through gions involved in the opening of ClC-2–chloride channel by voltage
a 1 mm diameter pipette tip. Recordings using an Axopatch 1D and cell volume. Nature 360, 759–762.
amplifier were digitized at 0.5 KHz with Strathclyde Electrophysiol-
Hahn, J.S. (1993). Controversies in treatment of neonatal seizures.ogy software. ClC-2 current was calculated as the inward current
Pediatr. Neurol. 9, 330–331.relaxation during voltage steps (Figure 2B), i.e., the difference be-
tween initial clamp current after settling of the capacitance transient Hochman, D.W., Baraban, S.C., Owens, J.W.M., and Schwartzkroin,
P. (1995). Dissociation of synchronization and excitability in furose-and the current during the last 50 ms of the voltage step. Lines in
Figure 2C were fit as described in Staley (1994). mide blockade of epileptiform activity. Science 270, 99–102.
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